We have screened a genomic library of Trametes versicolor for genes whose expression is associated with nitrogen starvation, which has been shown to induce ligninolytic activity. Using two different approaches based on differential expression, we isolated 29 clones. These were shown by restriction mapping and crosshybridization to code for 11 distinct differentially expressed genes. Northern analysis of the kinetics of expression of these genes revealed that at least four of them have kinetics of induction that parallel kinetics of induction of ligninolytic activity.
Over the past few years, microbial degradation of lignin has been the focus of a number of investigations (4, 16, 25) . Still, very little is known about this process, its onset, and its regulation. Lignin degradation has very specific features that distinguish it from ordinary catabolic pathways. Lignin degradation is not induced by its substrate (13) . Its appearance is associated with cessation of primary growth (13) , and thus ligninolytic activity can be found in cultures in absence of the substrate. Furthermore, ligninolytic activity requires the presence of another carbon source such as glucose or cellulose (15) . Finally, it can be suppressed by factors seemingly unrelated to lignin itself such as nitrogen (8) . These results suggest a regulation mechanism in which the substrate, lignin, plays a minor role if any and raise the possibility that ligninolytic activity is a secondary if not accidental role for many of the genes involved. Recently a number of prospective enzymes involved in lignin catabolism have been identified (17, 20, 28) in a related fungus, Phanerochaete chrysosporium, and one of the corresponding cDNAs was cloned (29) . However, the exact role of these enzymes is controversial (11) .
We were interested in identifying the structural genes responsible for ligninolytic activity as well as the genes involved in the regulation of this activity. Presumably, the expression of these genes would correlate with the ligninolytic phenotype. Thus we used differential expression as the criterion to identify and clone genes involved in ligninolytic activity. This permitted us to isolate at least four genes whose kinetics of induction were parallel to the kinetics of induction of ligninolytic activity.
MATERIALS AND METHODS
Library of Trametes versicolor. Total cellular DNA of T. versicolor was extracted (26) and digested partially with Sau3A. The 10-kilobase-pair fraction was isolated from a sucrose gradient and ligated to purified BamHI arms of X L47.1 (18 For the differential kinetics of expression approach, T. versicolor was grown as described above but in a medium rich in nitrogen (N medium, containing malt extract [Difco Laboratories]). After 7 days the medium was removed, cells were washed with a medium low in nitrogen (I medium, the low-N2 medium used in the standard approach) and then suspended in 300 ml of either N or I medium. Growth was resumed under the same conditions. Ligninolytic activity. Ligninolytic activity was monitored by oxidation of poly B411 (Sigma Chemical Co.) as described by Glenn and Gold (10) . Ligninolytic Mapping of the genes. Restriction enzymes were used according to the manufacturers' instructions. For the characterization of the genomic structure and the cross-hybridization analysis, the insert of each clone was isolated and labeled by random primed synthesis (7) . The hybridization procedure was that of van (27) , which is based on growth of the organism under conditions of expression and nonexpression of the genes of interest. We grew T. versicolor in two media differing only in their nitrogen concentrations. Nitrogen starvation has been shown to induce ligninolytic activity (13) . Indeed, we found that in media with low nitrogen concentration we could readily detect ligninolytic activity by using the poly B411 colorimetric test of Glenn and Gold (10) . The ligninolytic activity in the T. versicolor cultures with high nitrogen concentration was at least 10-fold lower. From each culture we extracted the mRNAs, and these were used to prepare cDNA probes. However, we had to wait 16 to 18 days to have a high level of ligninolytic activity in the low-N2 cultures, whereas the high-N2 cultures had to be harvested while still in the primary growth phase, which was 7 days at the most. Thus, besides nitrogen concentration, the two cultures differed also in the time of growth. This, we felt, could result in differential expression of genes induced by other factors than nitrogen starvation, such as depletion of other nutrients.
In view of this possibility, we used a second approach, which we called differential kinetics of expression, that was aimed at minimizing differences in growth conditions except for nitrogen starvation. T. versicolor was grown in a rich nitrogen medium (N medium) for 7 days, at which time it was still in the primary growth phase. Then the medium was removed, and cells were washed; in one set of cultures fresh N medium was added, whereas in another set the medium added was low in nitrogen concentration (I medium). We then monitored ligninolytic activity (Table 1 ). In the cultures where the medium was replaced by the I medium, the ligninolytic activity was induced from background on day 0 to a level at least fourfold higher after the first day and continued increasing for at least 7 days. In cultures where the N medium was added, the increase in ligninolytic activity was much slower and remained much lower than in the I-medium culture. To screen for induced ligninolytic genes, we prepared three probes made from mRNA extracted on day 0 (NO) and on day 2 from both the low (12)-and high (N2)-nitrogen cultures. The 12 probe was to permit identification of genes whose expression was induced by nitrogen starvation when compared with that on day 0 (NO), whereas the N2 probe would allow us to eliminate from the induced genes the ones that had been turned on by factors other than nitrogen starvation. Screening of T. versicolor library. The genome size of T. v'ersicolor is unknown, but the genome size of another white rot fungus, P. chrysosporiium, has been estimated at about 5 x 10' kilobase pairs (23) . This is similar to the genome sizes of other fungi (5, 6) . Presuming that the genome of T. versicolor is of similar size and having cloned fragments of about 10 kilobase pairs, we estimated that the genome of T. versicolor would be represented on average once in every 5 x 10i PFU of our library.
For the standard approach, we screened 5 x 104 PFU with cDNA probes made from mRNAs extracted from the low-N2 culture and the high-N2 culture. We then compared the hybridization patterns (Fig. 1) . Most plaques gave similar signals with both probes. Some plaques gave a stronger signal with the high-N2 probe than with the low-N2 probe, and just a few plaques gave a stronger signal with the low-N, probe than with the high-N2 probe (arrows). Eighteen plaques identified as belonging to the last category were isolated and purified to homogeneity.
In the case of the differential kinetics of expression approach, we hybridized 1.25 x 104 clones of the T. versicolor library with the NO, N2, and 12 probes described above. We looked for clones that would give a stronger signal with the I2 probe than with both NO and N2 probes. We found 11 such clones, which we picked and purified to homogeneity. Examples of the differential signals obtained with purified clones are given in Fig. 2 Mapping of the clones. In Fig. 3 overlapping restriction maps, whereas clones 11, 31, and 34 each gave a unique restriction map. Thus, we isolated at least six distinct genes.
The 11 clones isolated with the differential kinetics of expression approach could be ascribed to five individual genomic fragments (Fig. 4) All of the clones from both approaches were hybridized to each other. There was no cross-hybridization between clones of different groups, which indicated that the 11 genes isolated from both approaches were different from one another. Each clone was used as a probe to map the corresponding genomic DNA; these were identical to the maps of the cloned fragments. The polymorphism of the EcoRI sites of clones 104 and 107 (Fig. 4) to delineate which segments of the cloned fragments carried the differentially expressed genes. These segments are illustrated in Fig. 3 and 4 grown as described above for differential kinetics of expression. We extracted mRNA at the time of medium change and at days 1, 2, 4 and 7 after medium change, both in cultures where the medium was replaced by nitrogen-rich (N) or low-nitrogen medium (I). These mRNA preparations were used to prepare multiple Northern blots that were hybridized with the 11 distinct genes isolated from both approaches.
With the six genes isolated by the standard approach, we observed two patterns of expression (Fig. 5) . The mRNA corresponding to clone 11 was weakly present at day 0. With the N medium the expression remained at the same low level through the 7 days, whereas with the I medium the expression remained weak until day 4 but increased to a high level on day 7. This clearly indicates that clone 11 contains a gene that is induced by low nitrogen concentration. However the kinetics of mRNA induction did not correspond to the kinetics of induction of ligninolytic activity ( The results obtained with the genes isolated by the differential kinetics of expression approach were quite different (Fig. 6) . At day 0 and also with the N medium there was very little mRNA in all of the clones. However, with the I medium mRNA was induced at the time of induction of ligninolytic activity (Table 1) . However, in clones 101 and 113 there appeared to be a lag in mRNA induction compared with ligninolytic activity induction (see Discussion). Clone 105 is not presented because the signal we obtained with this clone was very weak. These analyses were repeated with other mRNA preparations and gave similar results.
DISCUSSION
The purpose of this work was to isolate genes related to ligninolytic activity. The number of genes involved and the exact nature of their products are still unknown (14) . Keyser et al. (13) have shown that nitrogen starvation induces ligninolytic activity. Thus we have decided to clone genes whose expression would be induced by nitrogen starvation.
To do so we used a technique of differential hybridization that has been used successfully to clone differentially expressed genes (3, 9, 12, 21, 27, 33) . However, instead of preparing a subtractive cDNA probe (33) or picking individual plaques (27) , we made total cDNA probes of each mRNA preparation and hybridized these directly to replica filters of plaque spreads. This very simple approach had two important advantages: it permitted us to screen numerous plaques (>105) in one assay and to simultaneously compare hybridization of the same plaques to a number of different cDNA probes (>4). This last point permitted the isolation not only of genes differentially expressed in cultures with or without (14) . The situation might be complicated by the fact that ligninolytic genes are not specific to their substrate and thus probably are part of other metabolic pathways that involve other genes not directly related to lignin metabolism. Furthermore, we believe that there is not a single set of genes that is responsible for ligninolytic activity but that various combinations of genes can produce this phenotype. It should be noted, however, that in our approach, although we did not do an exhaustive screening, we nevertheless isolated repeatedly the same genes from distinct clones; by using a differential kinetics of expression approach, we can identify a limited number of genes whose expression parallels ligninolytic activity. While this work was in progress, another group reported the isolation of genes of P. chrysosporium induced by nitrogen starvation, by using an approach similar to our first approach (24) . ligninolytic activity but also of genes that had the expected kinetics of expression in relation to the kinetics of ligninolytic activity.
In our first approach, T. versicolor was grown in high-or low-nitrogen medium, and cDNA probes were made from the mRNA extracted from both cultures. However, the two cultures had to be grown for different lengths of time. We felt that this increased the probability that other genes not related to nitrogen starvation would also be differentially expressed in these cultures. Indeed, from the six differentially expressed genes that were isolated by this approach, five were not linked to nitrogen starvation per se; the sixth, although clearly linked to nitrogen starvation, did not have kinetics of induction compatible with the kinetics of induction of ligninolytic activity.
In our second approach, we grew T. versicolor in a rich medium. After 7 days, while cells were still in primary growth, we replaced the medium with either the same medium or a medium with low nitrogen concentration. The mRNA was extracted at various days after the medium change, and gene expression was compared among various cultures. This permitted us to compare gene expression in cultures that had been grown separately for only 2 days and yet showed marked differences in levels of ligninolytic activity. We isolated five distinct T. versicolor genes that showed differential expression. Kinetics of induction of expression could be determined for four of these five genes and were shown to be parallel to induction of ligninolytic
